The visual system can represent a partially occluded 3-D surface from images of separated surface segments. The underlying amodal surface integration process accomplishes this by amodally extending each surface segment behind the occluder (amodal surface extension) and integrating the extended surfaces to form a whole surface representation. We conducted five experiments to investigate how depth cues, such as binocular disparity, halfocclusion, and monocular depth cues (T-junctions and L-junctions), contribute to amodal surface extension, and how the geometrical relationship and image similarity among the surface segments affect surface integration. This was achieved by having observers adjust the stereoscopic depth and slant of a comparison stimulus to match those of the tested 3-D stimulus. We found that both binocular disparity and half-occlusion cues are used to determine border-ownership assignment of surface segments and for amodal surface extension. We also found that separated surface segments need to have the same luminance contrast-polarity for them to be integrated as a whole surface. Finally, we found that having the same motion direction, minimum misalignment between boundary contours, and proximity among separated segments facilitate their integration. Overall, our findings reveal a set of "perceptual factors" for amodal surface integration, which arguably reflects our visual system's built-in knowledge of the regularities in natural scenes.
Introduction
Perception of 3-D visual surfaces and surface layouts is essential for reliably recognizing objects and guiding actions in the natural environment (Gibson, 1950; Grossberg & Mingolla, 1985; Kanizsa, 1979; Marr, 1982; Nakayama, He, & Shimojo, 1995; Sinai, Ooi, & He, 1998) . But how the visual system successfully mediates our perception of 3-D surfaces and surface layouts remains the subject of much research. This is because 3-D objects and surfaces in the real world are often imaged on our retinas as 2-D images with some parts missing due to occlusion. It has thus been proposed that to form 3-D representations of surfaces from 2-D retinal images, the visual system needs to sort out surface layouts by using depth information and to either extrapolate the projected image segments, or to interpolate the occluded surface segments that are not projected onto the retinas (e.g., Kanizsa, 1979; Kellman & Shipley, 1991; Michotte, Thinès, & Crabbé, 1967; Nakayama, Shimojo, & Silverman, 1989; Nakayama et al., 1995; Zhou, Friedman, & von der Heydt, 2000) . Fig. 1a depicts an occluded surface scenario where an observer views a white horizontal rectangle that is partially occluded by two black vertical bars. The resultant retinal image due to the occlusion by the vertical bars is that of three separated image segments of the horizontal rectangle (Fig. 1b) . Thus, to support our 3-D perception, the visual system needs to "decide" whether the three image segments are parts of a single surface in the back or three independent surface entities (Marr, 1982) . If it is the former, the visual system will have to fill in the (two) occluded surface segments and integrate them with the three visible image segments to form a single surface representation (amodal surface integration).
The question is how the visual system accomplishes the operation of amodal surface integration. A number of studies have shown that the visual system capitalizes on its internal knowledge of the regularities of the natural 3-D visual surfaces, with respect to surface color, surface shape, spatial relations, projection geometry, etc., to construct representations of surfaces, including occluded surfaces (Anderson & Schmid, 2012; Anderson, Singh, & Fleming, 2002; Fantoni, Bertamini, & Gerbino, 2005; Gerbino & Fantoni, 2006; Kanizsa, 1979; Kellman, Garrigan, & Shipley, 2005a; Kellman, Garrigan, Shipley, Yin, & Machado, 2005b; Kellman, Yin, & Shipley, 1998; Nakayama et al., 1989; Rubin, 2001; Sekuler, 1994; Sekuler, Palmer, & Flynn, 1994; Spehar & Clifford, 2003; Su, He, & Ooi, 2010a , 2010b Tse & Albert, 1998; van Bogaert, Ooi, & He, 2008; Van Lier, Van der Helm, & Leeuwenberg, 1995; von der Heydt, Peterhans, & Baumgartner, 1984; Watanabe, 1995; Watanabe & Cavanagh, 1993; Yin, Kellman, & Shipley, 1997; Yin, Kellman, & Shipley, 2000) . For example, surface components from the same object/ surface found present in the natural environment tend to have a higher statistical probability of having the same luminance contrast-polarity (Geisler & Perry, 2009) . This empirical observation is consistent with our earlier phenomenological observation where we found that the visual system prefers to amodally integrate image segments with the same contrast-polarity over those with opposite contrast-polarity Su et al., 2010a Su et al., , 2010b . Therefore, if one applies the same contrast polarity rule to the scenarios in Fig. 1b and c, it is predictable that the visual system has a larger bias to amodally integrate the three rectangular segments with the same contrast-polarity in Fig. 1b , than the ones in Fig. 1c where the middle rectangle (lighter than the background) and the two flanking rectangular segments (darker than the background) have opposite contrast polarity (Su et al., 2010a (Su et al., , 2010b ).
An objective way to study amodal surface completion is by measuring its effect on a specific perceptual task (e.g., Gerbino & Fantoni, 2006; Kellman et al., 2005a; Marr, 1982; Ringach & Shapley, 1996; Rubin, 2001; Sekuler et al., 1994; Su et al., 2010a Su et al., , 2010b van Bogaert, Ooi, & He, 2008; Yin et al., 2000) . For example, when spatially separated images are amodally integrated into a single surface entity, all separated components of the surface will exhibit similar surface properties (e.g., Su et al., 2010a) . Consider the display in Fig. 1b again. Now, imagine that both the flanking rectangles carry leftward horizontal motion signals while the middle rectangle has no motion signal. According to our reasoning so far, the three rectangular segments, having the same contrast polarity, will be amodally integrated as a common surface. Therefore, we should then expect the entire surface including the static middle rectangle to be perceived as rigidly moving leftward. However, if amodal surface integration does not occur, the middle rectangle will remain stationary while the left flanking rectangle expands and the right flanking rectangle contracts. Therefore, by measuring whether motion is perceived in the middle rectangle, we can objectively reveal whether amodal surface integration takes place.
We took the objective approach in a previous study using a stimulus similar to that in Fig. 1d (Su et al., 2010a) . The black diamond frame (physical occluder) and the gray X-shaped elements within the diamond frame were rendered stationary while the outer oblique rectangles carried the local motion signals depicted by the arrows. According to our prediction, the stationary X-shaped elements and the outer oblique rectangles would amodally integrate behind the black diamond frame as long single bars. Confirming this, we found that the observer perceived the stimulus as two longer oblique rectangles sliding over one another (global motion) (Fig. 1e) . We then modified the stimulus in Fig. 1d to that in Fig. 1f so that the outer oblique rectangles were darker than the background while the X-shaped elements (inner oblique rectangles) remained lighter than the background. This set up a condition where the outer rectangles had opposite contrast-polarity relative to the background compared to the inner rectangles. With this opposite contrast-polarity condition, the inner rectangles within the black diamond frame were seen as stationary while the outer rectangles along each oblique axis simply compressed and expanded (arrows), i.e., no motion integration occurred (Fig. 1g) . These two distinct motion percepts allowed us to determine whether the observer experienced amodal surface integration. Furthermore, by varying the width of the black diamond frame (occlusion gap size) in the same contrast-polarity condition The resultant retinal image of viewing the display in (a). The three separated image segments belong to the white horizontal rectangle. (c) An opposite contrast-polarity stimulus. Note the two flanking rectangle are darker than the background (negative luminance contrast-polarity) while the middle rectangle is lighter than the background (positive luminance contrast-polarity). (d) A test stimulus with the same contrast-polarity used by Su et al. (2010a) . In the experiment, the black diamond frame and the gray rectangular elements arranged in an X-formation within the diamond frame were kept stationary, while the outer rectangles moved in the direction indicated by the arrows. (e) Observers tended to perceive the rectangular elements within the diamond frame as part of the outer oblique rectangles that slid over one another. This is because the amodal surface integration process represents each adjacent pair of outer and inner rectangles as a single moving surface that is occluded by the diamond frame. (f) A test stimulus from Su et al. (2010a) with opposite contrast-polarity in which the outer and inner rectangles have opposite contrast-polarity. (g) Observers tended to perceive the inner rectangles as stationary while the outer rectangles expanded and contracted.
Z.J. He et al. Vision Research 143 (2018) 66-81 ( Fig. 1d ), we were able to measure its effect on the likelihood of seeing global motion. This enables quantification of the spatial scale at which the amodal surface integration process operates. Our current study adopted a similar objective approach to investigate how amodal surface integration occurred in stereoscopic stimuli. Fig. 2 depicts our approach to revealing that the same contrastpolarity rule applies to the 3-D amodal surface integration process. By cross fusing either the middle and left half images or parallel fusing the middle and right half images in Fig. 2a , one perceives both the left and right flanking white rectangles as in back (depth) relative to the dark gray vertical bars. This is because the vertical terminal edges of the flanking rectangles carry uncrossed (back) binocular disparity. Notably, one also perceives the middle white rectangle as in back, despite it having the same zero binocular disparity as the dark gray vertical bars. Overall, the three white rectangles are perceived as a long, continuous horizontal rectangle that is partially occluded by two vertical bars. This indicates that the amodal surface integration process successfully constructs a 3-D amodal surface. To test whether the 3-D amodal surface integration process also follows the same contrast-polarity rule as for the 2-D stimuli, we modify Fig. 2a by darkening the two flanking rectangles, causing them to have opposite contrast-polarity relative to the middle white rectangle (Fig. 2b) . With free fusion, one perceives the middle rectangle at the same (zero disparity) depth as the two vertical bars, indicating that 3-D amodal surface integration does not occur between the middle rectangle and flanks. To objectively measure the perceived amodal surface, our first experiment measured the perceived depth of the middle rectangle by using a depth probe (small gray square dots below the nonius lines in Fig. 2 ). Our observers maintained eye alignment at the nonius fixation cross while adjusting the binocular depth of the probe until it matched the perceived depth of the middle rectangle. The matched binocular disparity of the depth probe provided a measure of the perceived depth of the middle rectangle. We predicted that the measured depth perception of the middle rectangle would be similar to those of the two flanking rectangles in the same contrast- Fig. 2 . Stereo stimuli used in Experiment 1. (a) Stereo display with the same contrast-polarity. The middle and left half-images are drawn for cross fusing, while the middle and right halfimages are for parallel fusing. The diagram below the stereo display provides a top view of the observer's perception, which is, perceiving a single white rectangle behind two vertical occluding bars. Note that the middle white rectangular segment is perceived in the back despite having zero binocular disparity. (b) Similar to (a), except the stereo display the opposite contrast-polarity. The top-view diagram below the stereo display depicts the observer's perception, which is, perceiving the middle white rectangular segment in the front and attached to the two vertical occluding bars while the two black flanking rectangles are seen in the back. In other words, they are not perceptually integrated.
Z.J. He et al. Vision Research 143 (2018) 66-81 polarity condition ( Fig. 2a ) and but will be closer to the zero disparity occluding vertical bars in the opposite contrast-polarity condition ( Fig. 2b) . We also used the depth probe method to reveal how other perceptual rules are implemented for 3-D amodal surface integration. Specifically, our second experiment tested the hypothesis that the binocular disparity information of the flanking rectangles alone is sufficient for successful 3-D amodal surface integration. Experiments 3 and 4 investigated the application of the spatial proximity rule in 3-D amodal surface integration by quantifying the influence of two spatial parameters: the horizontal width of the flanking rectangles (i.e., distance from its outermost edge to the vertical bar) and the width of the vertical bars (occluders). Experiment 5 investigated the role of perceptual factors, contour relatability and common motion, in 3-D amodal surface integration. Finally, we made a phenomenological observation showing that half-occlusion , just like uncrossed binocular disparity, can affect the border-ownership assignment operation, which is a critical first step in amodal surface integration.
2. Experiment 1. Influence of contrast polarity On 3-D amodal surface integration
As mentioned in the Introduction, we employed a depth probe to measure the perceived depth of the middle white rectangle in the same and opposite contrast-polarity conditions (Fig. 2) . We predicted that the middle rectangle would be perceived behind the two vertical bars (occluders) and at similar depth as the flanking rectangles in the same contrast-polarity condition. But in the opposite contrast-polarity condition, the middle rectangle would be seen at the same depth (zero disparity) as the two vertical bars.
Method

Observers
Five observers (four naïve and one author) participated in Experiments 1-4. Three of the same naïve observers and the same author participated in Experiment 5. All observers had normal or corrected-to-normal visual acuity and a stereoscopic resolution of at least 20 arc sec. Informed consent was obtained from the naïve observers before commencing the experiments. The study's human subject protocol was approved by the Institutional Review Board of the University of Louisville. Z.J. He et al. Vision Research 143 (2018) 66-81 3.2. Apparatus & stimuli MATLAB and Psychophysics Toolbox (Brainard, 1997; Pelli, 1997 ) on a Macintosh were used to present stimuli on a CRT monitor (1280 × 1024 pixels @ 100 Hz). Observers viewed the stimuli through a mirror haploscopic system attached to a chin-and-headrest. The effective viewing distance was 75 cm. The stimuli in all experiments were presented dichoptically on a homogeneous achromatic background (60 cd/m 2 ). Fig. 2a shows the dimensions of the stereo display used in the current experiment. Each half-image comprised two gray (33.2 cd/ m 2 ) vertical bars (1.8°× 0.2°) that separated the wider white (110 cd/ m 2 ) rectangle (0.8 ×2.4 ) into three segments. The middle rectangular segment had a constant size of 0.8 × 0.8 while the widths of the left and right flanking rectangles varied according to the magnitude of the uncrossed binocular disparity rendered (0, 2.9, 5.7, 8.6, or 11.5 arc min). For example, at zero disparity the widths of the left and right flanking rectangles would be the same (0.8°× 0.6°). To render an uncrossed disparity of 11.5 arc min in this left half-image, the width of the left flanking rectangle would be increased by 4 pixels while the width of the right flanking rectangle would be decreased by 4 pixels (note: the pixel increase/decrease was opposite for the right half-image). Rendering 2.9, 5.7 and 8.6 arc min required, respectively, widths changes Z.J. He et al. Vision Research 143 (2018) 66-81 by 1, 2 and 3 pixels. A gray (33.2 cd/m 2 ) nonius fixation target (0.2°× 0.4°) was located 1.4°above the stimulus to stabilize fixation during the experiment (the nonius fixation in the right half-image was oriented like the symbol "T" so that with binocular fusion the entire fixation was perceived as a "+"). A gray (33.2 cd/m 2 ) square dot (0.12°× 0.12°) that served as the depth probe was located between the nonius fixation and test stimulus. The binocular disparity of the depth probe was varied by the observer to match the perceived depth of the middle rectangle (the right half-image also had the square dot). The depth probe adjustment was accomplished by alternately shifting one half-image of the dot left or right one pixel at a time. For each test trial, the initial location and disparity of the dot were presented in a semirandom position to prevent its physical distance to any part of the stimulus being used as a cue to perform the depth matching task. To achieve this, the location of the dot from the nonius fixation could initially be displaced by up to ± 0.25°horizontally and from 0.45°to 0.75°vertically downward.
For the same contrast polarity condition, the middle and flanking rectangles were either all black (10 cd/m 2 ) or all white (110 cd/m 2 ). For the opposite contrast polarity condition, the middle and flanking rectangles had different luminances (white vs. black or black vs. white). In all four cases, the Michelson contrast of the rectangles relative to the vertical gray bars (occluders) was always 53.7%.
Procedures
There were four test blocks. Each block comprised 80 test trials [2 contrast polarities (same and opposite) × 2 flank luminance levels (black and white) × 5 binocular disparities (0, 2.9, 5.7, 8.6, and 11.5 arc min) × 4 repeats]. For each trial, the observers adjusted the depth of the dot (depth probe) to match that of the middle rectangle while maintaining eye alignment at the nonius fixation.
Data analyses
We plotted the perceived binocular disparity reported by the observers, as measured with the matching depth probe, as a function of the physical binocular disparity carried by the flanking rectangles. We fitted the data with linear regression using the least squared method and performed a 2-way ANOVA with repeated-measures analysis. dicates that 3-D amodal surface integration fails when the separated segments have opposite contrast-polarity. The observation that 3-D amodal surface integration can occur with stimuli of the same contrast-polarity has been previously reported (e.g., Marr, 1982; Rubin, 2001) . Rather, the novelty of the current study is the finding that having the same contrast-polarity is a requirement for 3-D amodal surface integration of stereoscopic stimuli. We propose that the implementation of the contrast polarity requirement occurs after the assignment of border ownership Zhou et al., 2000) . Fig. 4 depicts the presumed process. The visual system relies on the relative binocular disparity information at the boundary or border formed between the vertical bars and the flanking rectangles to determine which region owns the border. For the stereoscopic stimulus similar to that in Fig. 2a (see Fig. 4a ), both the uncrossed (back) binocular disparity and the T-junctions (monocular depth cue) information indicate that the flanking rectangles are behind the vertical bars (Guzman, 1969; Kanade, 1978; Nakayama et al., 1995; Rubin, 2001 ). This leads the visual system to assign the border ownership to the vertical bars. In parallel, the T-junctions at the borders formed between the vertical bars and the middle rectangle indicate that the middle rectangle is behind the vertical bars. Amodal surface integration then occurs with the flanking and middle rectangles "expanding" behind the vertical bars to become a single surface representation (Fig. 4b) . However, the success of the integration is contingent on the visual system's implicit knowledge of natural surface features. If the surface features of the expanding rectangles are similar, having the same contrast polarity being a In the case where the black bars are removed, the white rectangular segments now have L-corners, which suggest that they own the borders against the darker background. (c) Introducing uncrossed (back) disparity to the terminal ends of the white rectangular segments causes the white rectangular segments to disown the borders and leads to the three segments to amodally complete. Z.J. He et al. Vision Research 143 (2018) 66-81 criterion, then the amodal surface integration proceeds successfully (Fig. 4c) . If not, the integration process is halted.
Results and discussion
Experiment 2. Binocular disparity without explicit T-junctions is sufficient for 3-D amodal surface integration
As proposed above, amodal surface integration of the stimulus in Experiment 1 (Fig. 2a) is aided by both the uncrossed binocular disparity and T-junction information (see Fig. 4a ). It has been shown that T-junction information alone is sufficient for 2-D amodal surface integration. Now, since local binocular disparity plays a significant role in determining border ownership (e.g., Nakayama et al., 1989; Qiu & von der Heydt, 2005), we wondered if binocular disparity information alone is sufficient for 3-D amodal surface integration. To explore this, we created the stimulus in Fig. 5 , which was modified from the stimulus in Fig. 2 by shortening the height of the dark gray vertical bars to match that of the white flanking and middle rectangles. This modification produces a different type of T-junction wherein the stems are oriented vertically (Fig. 6a) . This leads to an ambiguity regarding the relative depth between the dark gray (vertical bars) and white (flanking and middle rectangles) regions. We predicted that if the back binocular disparity of the flanking white regions were sufficient to cause them not to own the borders, then the white regions would undergo amodal surface integration. This can be confirmed by free fusing Fig. 5a and Fig. 7 . A demonstration that binocular disparity cue alone is sufficient to influence border-ownership and amodal surface integration. (a) Stereo display with the same contrast-polarity. The middle and left half-images are drawn for cross fusing, while the middle and right half-images are for parallel fusing. The diagram below the stereo display is a cartoon of the observer's percept, which is a slanted surface behind two vertical occluding bars. Notably, the middle rectangular segment with zero disparity is perceived as slanted and in the back. (b) Stereo display with opposite contrast-polarity. The diagram below the stereo display is a cartoon of the observer's percept, which is that of two slanted black segments separated by a white rectangular segment in the frontoparallel plane together with two vertical bars. Amodal surface integration does not occur between the middle white segment and the two black flanking segments.
Z.J. He et al. Vision Research 143 (2018) [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] seeing that the middle white region (rectangle) is seen behind the dark gray regions (bars) together with the flanking rectangles as part of a wider horizontal rectangle. In the current experiment, we used the depth probe method to measure the perceived depth of the middle rectangle, as in Experiment 1. In addition, we tested the opposite contrast-polarity condition to reveal that the same contrast-polarity rule also applied (Fig. 5b) .
Method
Stimuli and procedure
The stimuli were the same in all aspects, except one, as those in Experiment 1. The exception was that the height of the vertical occluding bars was decreased to 0.8°to be identical to the height of the middle and flanking rectangles (Fig. 5) . The same procedure as in Experiment 1 was used. Fig. 3b plots the mean perceived depth of the middle rectangle as a function of the binocular disparity of the two flanking rectangles using the same symbol convention as in Fig. 3a . The data exhibit a similar trend as those in Experiment 1 (Fig. 3a) , thus confirming that binocular disparity information alone is sufficient for 3-D amodal surface completion. An analysis of the data reveals that the perceived depth of the middle rectangle increased linearly with the binocular disparity of the flanking rectangles in the same contrast-polarity condition (filled circles) (white: y = 0.835x + 0.116, r 2 = 0.810, p < .001; black: (Fig. 2a) caused stronger amodal surface integration than that in the current experiment (Fig. 5a ). We failed to find a significant main effect of luminance (black vs. white) (F(1, 23) = 0.943, p = .342). Overall, we found that when the T-junction information between the dark gray and white regions (Fig. 5a) does not specify the depth order, the visual system can rely on Z.J. He et al. Vision Research 143 (2018) 66-81 the uncrossed (back) binocular disparity of the flanking white regions to assign the border ownership to the dark gray regions (as the occluding bars), and consequently amodally integrates the white regions as a wider horizontal rectangle. For demonstration purposes, we designed the stereoscopic stimulus in Fig. 7a to further show the role of binocular disparity in assigning border ownership (Fig. 7a) . The stimulus differs from that in the current experiment in that it has no physical/explicit vertical bars to provide Tjunction information (although there exist implicit T-junctions provided by the "occluding" illusory vertical bars) and the terminal ends of the flanking regions now carry a gradient of uncrossed binocular disparity to generate a slanted percept. Now, the flanks and middle rectangle carry L-junctions, indicating that they each own their independent borders (Fig. 6b) (Zhou et al., 2000) . But for amodal surface integration to occur, the flanks and the middle rectangle must disown their borders, which can be achieved when the binocular disparity information of the flanks is sufficiently strong to overcome the L-junction depth information of the flanks adjacent to the middle rectangle (see Fig. 6b and c) . This can be confirmed by free fusing Fig. 7a and seeing that the middle rectangle is slanted (top-away) and belongs to a larger slant surface continuous with the flanks. Besides the ability of strong binocular disparity information to override local monocular depth cue (L-junction) for the border ownership assignment, this demonstration indicates that 3-D amodal surface integration also occurs for a slanted surface. (Note that the integrated surface in Fig. 5 is in the frontoparallel plane, where all surface segments have the same depth magnitude.) Fig. 7b shows the same stimulus but with opposite contrast-polarity. With free fusion, one perceives the middle rectangle remaining at the zero disparity frontoparallel plane, i.e., 3-D amodal surface integration between the middle rectangle and flank fails.
Results and discussion
y
Experiment 3. Influence of occluder width On 3-D amodal surface integration
It has been shown with 2-D stimuli that the tendency for amodal surface integration behind an occluder decreases with the width of the occluder, presumably reflecting the larger area (gap) the visual system has to amodally expand the surface representation to fill in the missing surface segment (e.g., Su et al., 2010a) . Here, we investigated if occluder width also affected 3-D amodal surface integration using stimuli similar to the same contrast-polarity condition in Fig. 2a . In the test condition, we kept the middle rectangle and the overall horizontal width of the stimulus constant and varied the occluder width and the flank width (Fig. 8a) . To explore if the flank width also contributed to the finding in the test condition, we added a control condition where the middle rectangle and occluder widths were constant and the flank width varied (Fig. 8c) .
Method
Stimuli Test condition:
We modified the all-black same contrast polarity stimulus in Experiment 2 to create the stimuli in the current experiment. The basic design is shown in Fig. 8a . We varied the widths of the vertical bars (occluders) from trial to trial (0.1°, 0.2°, 0.4°, or 0.6°). Since increasing the vertical bar width alone would make the widths of the middle and flanking rectangles disproportionately small, we increased the overall width of the stimulus to 2.6°and reduced the width of the middle rectangle to 0.6°. Control condition: Varying the vertical bar widths in the test condition to 0.1°, 0.2°, 0.4°to 0.6°resulted in a corresponding change in the flank widths to 0.9°, 0.8°, 0.6°and 0.4°, respectively. Therefore, to ascertain that our desired outcome (occluder width effect) was not due to the corresponding changes in the flank widths, we designed the control stimulus shown in Fig. 8c . We fixed the occluder width to 0.2°, kept the middle rectangle at 0.6°, and varied the widths of the flanking rectangles (0.9°, 0.8°, 0.6°, and 0.4°). Z.J. He et al. Vision Research 143 (2018) 66-81 9.2. Procedure
Test condition: Each observer performed four blocks of test condition trials and four blocks of control condition trials. Each test condition block comprised 80 trials [4 occluder widths (0.1°, 0.2°, 0.4°, and 0.6°) × 5 binocular disparities (0, 2.9, 5.7, 8.6, and 11.5 arcmin) × 4 repeats]. Each control condition block also comprised 80 trials [4 flank widths (0.4°, 0.6°, 0.8°, and 0.9°) × 5 binocular disparities (0, 2.9, 5.7, 8.6, and 11.5 arcmin) × 4 repeats]. The observers' task was to set the depth probe to match the perceived depth of the middle rectangle.
Results and discussion
Test condition. The average results in Fig. 8b plots the It has been hypothesized that the strength of an interpolated contour depends on its support ratio (Shipley & Kellman, 1992; Singh, Hoffman, & Albert, 1999) . The support ratio is the ratio of the length of the physically specified contour of the unoccluded segments relative to the total length of the contour of the entire surface (occluded plus unoccluded segments). Accordingly, we re-plotted the data of Fig. 9a based on the support ratio in Fig. 9b [(two flanks plus middle-rectangle)/(two flanks plus two occluders plus middle-rectangle)]. Clearly, the modest change of the slopes in the control condition can be attributed to the relatively small variation in the support ratios.
Experiment 4. Influence of boundary contour alignment and common motion on 3-D amodal surface integration
Alignment between boundary contours of the visible surface segments is an important factor for successful 2-D amodal and modal surface integration (e.g., Fantoni, Hilger, Gerbino, & Kellman, 2008; Kanizsa, 1979; Kellman & Shipley, 1991; Kellman et al., 2005a Kellman et al., , 2005b Rubin, 2001) . To quantify the extent of contour alignment required for 3-D amodal surface integration, we first measured the perceived depth of the middle rectangle as a function of contour misalignment between the two flanking rectangles (Fig. 10a) . Second, we added a common motion signal onto the flanking rectangles to investigate the combined effects of common motion and misalignment.
Method
Stimuli
Misaligned-stationary condition: We modified the all-black same contrast polarity stimulus from Experiment 1 by vertically misaligning the flanking rectangles to be either higher or lower than the middle rectangle (Fig. 10a) . The flanking rectangles were displaced in tandem either up or down by 2, 4, 6, or 8 pixels relative to the position of the middle rectangle, corresponding to 0.05°, 0.1°, 0.15°, or 0.2°in visual angle. We also included a zero misalignment condition, which made the stimulus the same as the one used in Experiment 1. Misaligned-motion condition: The stimuli were the same as those used in the misalignedstationary condition, except that the flanking rectangles were now rendered with recurring horizontal motion signals (0.6°/s) that horizontally displaced the flanks within a 0.5°rightward and leftward range. The middle rectangle carried no motion signal.
As in the previous experiments, the observers' task was to set the depth probe to match the perceived depth of the middle rectangle. There were four test blocks each for the misaligned-stationary and misaligned-motion conditions. Each block comprised 90 trials [9 flank shifts (0°, ± 0.05°, ± 0.1°, ± 0.15°, and ± 0.2°) × 5 binocular disparities (0, 2.9, 5.7, 8.6, and 11.5 arcmin) × 2 repeats]. The ± sign indicates the direction of the misalignment of the flanking rectangles relative to the middle rectangle. A positive sign indicates the flanking rectangles were shifted above the middle rectangle, and a negative sign the reverse.
Results and discussion
Misaligned-stationary stimuli: Fig. 10b depicts the To more directly reveal the extent of the misalignment effect, we plotted the slopes obtained from linear regression analysis above as a function of the misalignment in Fig. 11 (circle symbols) . [Note that in Fig. 10 , each data point represents the average results of the same magnitude of misalignment between the flanks and middle rectangle regardless of their position offset (upper/lower). In contrast, for Fig. 11 , each slope is calculated Z.J. He et al. Vision Research 143 (2018) 66-81 from a set of data with the same positional offset (misalignment).] The slopes decrease quickly as the misalignment increases (with both the upper and lower displacement) and almost reaches zero around ± 0.15°. This suggests that 3-D amodal surface integration failed when the misalignment was 0.15°or greater. Misaligned-motion stimuli: The average data are plotted in a similar manner as in Fig. 10c . We then plotted the slopes obtained from linear regression analysis onto the graph in Fig. 11 that shows the data from the misalignedstationary condition. Noticeably, for a misalignment of 0.1°, the slope is larger for the misaligned-motion than the misaligned-stationary condition. This is verified by a 3-way ANOVA with repeated-measures analysis [dynamic status (stationary and motion) vs. misalignment vs. disparity] of the data in Fig. 10b and c. Specifically, we found a significant interaction effect among the three factors [F(2.067, 47.536) = 3.720, p < .05]. A further contrast analysis of the data with 0.1°misalignment reveals that both the main effect of binocular disparity [F(1, 23) = 29.771, p < .001] and the interaction effect between dynamic status and binocular disparity [F(1, 23) = 4.404, p < .05] are significant, while the main effect of dynamic status [F(1, 23) = 0.053, p = .820] is not significant. This indicates that having a common horizontal motion between the two flanks facilitates the amodal surface integration with the middle rectangle.
14. Experiment 5. 3-D amodal surface integration of slanted surfaces with a single occluder So far, we have used stereoscopic stimuli consisting of one middle rectangle, two occluding vertical bars and two flanking rectangles (e.g., Fig. 2a ). With such a stimulus configuration, the perceived back depth of the middle rectangle is attributable to two amodal surface integration operations occurring behind each occluding bar (Fig. 4b) . To further understand the 3-D amodal integration operation, we now investigated the amodal integration of a partially occluded slanted surface with a single vertical occluding bar.
Let us begin by either cross fusing the left and middle half-images of Fig. 12 , or parallel fusing the middle and right half-images. With fusion of Fig. 12a , one perceives in the frontoparallel plane, a black square to the right of a vertical gray bar. Meanwhile with fusion of Fig. 12b , one perceives a black vertical segment behind and to the left of a vertical gray bar. With fusion of the bottom half of Fig. 12c , which combines the half-images of Fig. 12a and b, one perceives a slanted black rectangle behind the vertical gray bar. Clearly, the perceived slanted rectangle is due to the 3-D amodal integration of the (slanted) black segment and the black square, which dramatically alters the percept of the black square from frontoparallel (in Fig. 12a ) to slant.
Notably, this demonstration of amodal surface integration differs from those in our experiments so far (e.g., Fig. 2a) . One, we showed here that amodal surface integration can occur with one occluding surface. Two, the amodally integrated surface can be slanted in depth. In this experiment, we measured the perceived slant of the square by having the observers adjust the slant of the gray surface of a comparison stimulus above the fixation until it matched the perceived slant of the square. We also rendered the stimuli with opposite contrast polarity (Fig. 12d) to test if the same contrast-polarity rule applies to 3-D amodal surface integration with a single occluding bar.
Method
Stimuli
There were four stimulus types, all similar in design to that in Fig. 12c . They were distinguished by the luminance intensities assigned to them to render the stimuli either all-black, all-white, black-white or white-black. The first two luminance assignments produced the same contrast-polarity condition and the last two the opposite contrast-polarity condition. The vertical bar occluder in each case was gray. The luminance intensities of the stimuli were the same as those used in Experiments 1-4 above.
The test stimulus, when considered as a whole rectangle (i.e., small segment + square) without the vertical occluding bar, was rendered with a 45°slant. This was achieved by setting the total horizontal widths of the rectangular half-images at 1.1°and 1.2°. The square always had the same size in both half-images while the widths of the small segments varied according to four paired combinations: (0, 0.1°), (0.05°, 0.15°), (0.1°, 0.2°) and (0.15°, 0.25°). Notably, the horizontal width difference between each pair of small segments (i.e., binocular disparity) was 0.1°, which caused each pair to locally have a different slant (87.5°, 85°, 82.6°, 80.2°) . We used the following trigonometric relationship to calculate the slant angle:
In the above, θ is the estimated slant angle in degree, d is the viewing distance, p is the pupillary distance, x is the recorded length difference in pixel, and l is the length (also in pixel) that the slanted Z.J. He et al. Vision Research 143 (2018) 66-81 surface projected on the plane of the monitor screen, which can be approximated by the average length of the two corresponding halfimages of the stimulus. A gray matching stimulus (33.2 cd/m 2 ) was located 2°above the test stimulus (see Fig. 12c ). A nonius fixation target (0.4°× 0.4°) was located between the matching and test stimuli. In each trial, observers were instructed to adjust the slant angle of the matching stimulus to match that of the larger rectangle. This was achieved by changing the horizontal width of one of the half-images. To prevent the observers from comparing the physical sizes of the matching and test stimuli rather than relying on their slant percepts, the location of the matching stimulus was randomly displaced horizontally by a shift of ± 0.3°from trial to trial.
Procedures
Four of the five observers in the previous experiments participated in the main and control experiments. Each observer was tested over four blocks in each experiment. A block in the main experiment comprised 64 test trials [2 contrast polarities (same and opposite) × 2 luminance levels for the small segment (black and white) × 4 slant angles of the small segment (80.2°, 82.6°, 85.0°, and 87.5°) × 2 slant directions × 2 repeats]. With amodal integration, the slant direction of the amodally integrated large rectangle surface would be either +45°or −45°. We predicted that if the small segment and square were successfully integrated as a slanted 3-D surface, the perceived slant of the square would be around +45°or −45°. Otherwise, the perceived slant would be nearer to 0°. Fig. 13 plots the perceived slant as a function of the slant of the small segment (the data from +45°or −45°slants were combined). The filled black and gray circles represent, respectively, the average results of the all-black and all-white same contrast polarity condition. Notably, the perceived slants were independent of the small segment and were close to 45°, which was the slant predicted if 3-D amodal integration occurred. These data points are much higher than those from the opposite contrast-polarity condition, which were nearer to 0°( open black circles and open gray circles). This indicates that 3-D amodal surface integration occurred in the same contrast-polarity condition, but not in the opposite contrast-polarity condition. An ANOVA with repeated measures analysis (contrast-polarity vs. square luminance vs. slant angle of small piece) reveals that only the main effect of contrast-polarity is significant [F(1, 14) = 22.371, p < .001]. Taken together, the current experiment reveals that 3-D amodal surface integration of stereoscopic stimuli with one occluder can occur when the stimuli have the same contrast polarity.
Results and discussion
General discussion
In summary, we investigated the perceptual mechanisms underlying 3-D amodal surface integration by focusing on stereoscopic displays derived from the prototype occlusion stimulus in Fig. 1 . Our experiments first revealed that surface segments physically separated by occluding surfaces and having the same, but not opposite, luminance contrast polarity can be amodally integrated and perceived as a single 3-D surface. Second, we showed that while the T-junction information Fig. 14. A demonstration showing that half-occlusion is an effective binocular cue for amodal surface integration. (a) Same contrast-polarity stimulus. With fusion, the unpaired small rectangles are seen behind two illusory vertical bars (Da Vinci stereo). The middle rectangle, which has zero disparity, is also perceived in the back, as part of a larger occluded rectangular surface. (b) Opposite contrast-polarity stimulus. With fusion, the unpaired small white rectangles are seen behind the two illusory vertical bars. However, in contrast to (a), the black rectangle is seen in the same zero disparity depth plane as the two illusory vertical bars, and is not integrated with the white rectangles in the back. (c) The left and right cartoons depict the top-view of the perception from stimuli (a) and (b), respectively.
is an important monocular depth cue for assigning border ownership, the binocular disparity cue by itself is sufficient to instigate 3-D amodal surface integration. Third, we found that the visual system's ability to integrate two amodal surface segments decreases as their spatial separation increases. Fourth, we observed that amodal surface integration becomes weaker as the contour alignment between the two amodal surface segments increases. On the other hand, amodal surface integration is enhanced when the two amodal surface segments have the same motion direction. Fifth, we revealed that amodal surface integration can occur behind one occluding surface and can lead to a 3-D slanted surface perception.
In all the experiments above, we varied only the relative binocular disparity information to reveal 3-D amodal surface integration. Nonetheless, there is reason to believe that other types of binocular depth information can also affect 3-D amodal surface integration by virtue of their role in border ownership assignment . This is demonstrated in the stimulus in Fig. 14 , which employs the half-occlusion or Da Vinci stereo depth cue . The stereoscopic stimulus in Fig. 14a has two flanking rectangles, but each rectangle is only seen by one eye due to half-occlusion (Da Vinci stereopsis). With free fusion, one can confirm that the half-occlusion depth cue leads to the flanking images being seen behind the two subjective (illusory) occluding vertical bars.
Furthermore, one is likely to perceive the middle black rectangle, which has zero binocular disparity, behind the two occluding bars and at the same back depth as the two flanking rectangles (Fig. 14c left) . This interesting percept confirms that the back depth due to half-occlusion can contribute to 3-D amodal surface integration. Lastly, to show that the same contrast polarity rule applies, we created an opposite contrast polarity condition (Fig. 14b) . With free fusion, one notices that the perception of the middle rectangle changes dramatically. Instead of being seen in the back depth as in the same contrast polarity condition (Fig. 14a) , it is now perceived in the frontoparallel plane together with the two vertical occluding bars (Fig. 14c right) , indicating that amodal surface integration fails to occur.
Taken together, our empirical observations enable us to advance a theoretical framework of the processes involved in 3-D amodal surface integration (Fig. 15) . It involves a border ownership assignment stage (Fig. 15, first cartoon) and a surface spreading and integration stage (Figs. 4 and 15 , second, third and fourth cartoons). In the first stage of border ownership assignment, monocular depth cues (e.g., T-junction) and binocular depth cues (e.g., binocular disparity and half-occlusion) are used to determine the border ownership of the boundary contour formed between the occluding and occluded surface segments. The second, third and fourth cartoons of Fig. 15 illustrate the amodal surface spreading and integration stage. The second cartoon shows that the gray rectangular segment, which does not own the border, is amodally extended behind the vertical bar that owns the border. The third cartoon shows the interaction between two amodally spreading surface representations from the opposite sides of the occluding bar. Our current study along with previous studies by others reveals that the visual system relies on specific knowledge of natural visual surfaces to determine whether two surface segments should be integrated into a larger, whole surface. This internalized knowledge includes observance and determination based on luminance and color contrast-polarity, contour alignment, relative spatial proximity between the two surface segments, and relative motion directions. A successful amodal surface integration causes the two surface segments to become a whole surface (entity), with an emergent perception of an invisible surface component behind the occluding surface. The final representation of the whole surface can also be affected by perceptual rules related to surface geometry (fourth cartoon in Fig. 15 ), which includes surface smoothness and global shape (e.g. Carrigan, Palmer, & Kellman, 2016; Gerbino & Fantoni, 2006; Tse, 1999) . Accordingly, the perceptual consequence of amodal surface integration is not only the unification of the surface segments and creation of a representation of the occluded surface segments, but also the modification of the surface segments' attributes (e.g., the perceived depth of the middle rectangular segment in Fig. 2a) .
Attempts at understanding the processes of amodal surface integration should also consider feedback processing (e.g., Albert, 2007; Carrigan et al., 2016) . For example, even though information about local binocular depth cues and monocular depth cues (e.g., T-junctions) can be derived from retinal images, monocular depth cues, such as Tjunctions, are not spatially local and beyond the receptive field expanse of early level neurons. Therefore, the process related to T-junction cues likely involves feedback operations from higher-level visual cortical areas where the neurons process information over large visual areas. A series of physiological studies and computational model simulations by von der Heydt, Niebur and their colleagues suggest that top-down feedback from the higher-level visual cortices to area V2 neurons in monkeys is essential for the emergence of border ownership selectivity (Craft, Schuetze, Niebur, & von der Heydt, 2007; O'Herron & von der Heydt, 2013; Zhou et al., 2000) . We recognize that feedback processes are also involved in the perception investigated in our study. Consider, for instance, the stimulus in Fig. 5a , where the middle white rectangle does not carry an uncrossed binocular disparity signal and yet is perceived in the back, indicating that it does not own its vertical borders. Such perception cannot be accomplished by the early local depth process alone. This is because the critical depth cue for the amodal surface Z.J. He et al. Vision Research 143 (2018) 66-81 integration is the uncrossed disparity of the flanking rectangles, which are located quite far from the vertical occluding bars and middle white rectangle. Presumably, this can only be accomplished when higher cortical level neurons integrate the binocular depth and figural information over large areas and send feedback information to area V2 to bias the neurons' border ownership selectivity. Taken together, we have shown here that the perception of amodally integrated surfaces involves multiple perceptual mechanisms that are likely implemented at various levels of visual cortical areas, which involves both feed-forward and feedback interactions.
